In the preceding papers," 2 a chromogenic reaction was reported between derivatives related to chlorpromazine and appropriate oxidants, including higher valence states of metals that exist in cells. Under mild aerobic conditions aqueous manganous ions were similarly active, although with lower efficiency.' Several independent experimental means served to identify the chromatic products as semiquinone radical ions and to characterize some of the reaction steps leading to their formation and disappearance.2
In the preceding papers," 2 a chromogenic reaction was reported between derivatives related to chlorpromazine and appropriate oxidants, including higher valence states of metals that exist in cells. Under mild aerobic conditions aqueous manganous ions were similarly active, although with lower efficiency.' Several independent experimental means served to identify the chromatic products as semiquinone radical ions and to characterize some of the reaction steps leading to their formation and disappearance. 2 In this paper, the data of the preceding ones are correlated with each other and are related to available general biological information. From these correlations some hypotheses emerge: The molecular properties that underlie the pharmacological mechanisms common to all phenothiazine drugs are noted and are distinguished from the properties that differentiate them. A series of electron transfer interactions is set forth describing the oxidation-reduction sequence of chlorpromazine. Possible mechanisms of biological activity associated with the formation of a semiquinone radical ion are proposed. Metal-phenothiazine reactions are suggested as prototypes for the further study of the biochemical roles of trace metal ions in vivo.
Relationship of the Present Work to Chemical Structure-Activity Correlations among Phenothiazine Drugs.-The N-amino substituted phenothiazine drugs exhibit an extremely broad spectrum of pharmacological properties. Well-documented activities in vivo include "tranquilization," antiemesis, antipruritic action, local anesthesia, antibiotic and antihelminthic potency, tuberculostasis, sympatholysis, antagonism of serotonin, antihistamine effects, efficacy in acute porphyria, and hypocholesterolemic capacity.3-7 Two features of these many and diverse attributes are striking: (1) All phenothiazine drug congeners share to a greater or lesser extent this range of properties, differing primarily only in their potencies and in the relative degree of prominence of these various capabilities, when compared with one another.4 68 (2) Attempts to unify this pluripotential action spectrum through correlation with purely pharmacological properties-such as adrenolysis, cholinolysis, histaminolysis, or sedation-have failed.7' 9 The qualitative similarity of the phenothiazine drug derivatives suggests a common chemically reactive site that is critical to the action of all the congeners as a class. If chromogenic reactions with metal ions be postulated as an index of pharmacological action of these drugs, the experiments of Part I (see ref. 10) establish the thiazine nucleus with its thioether linkage as the crucial molecular locus. Further evidence to implicate the central role of the heterocyclic sulfur was provided by the failure of chlorpromazine sulfoxide to form a colored reaction product with manganese, iron, or cobalt.' In a strikingly parallel fashion, the sulfoxide is equally inert in many metabolic systems that are inhibited by thiazines,"'-14 and it is inactive as a psychotropic agent in man.'5 Furthermore, a drug which resembles chlorpromazine except for the substitution of an ethylene bridge for the thioether linkage ("imipramine"; (3-dimethylaminopropyl)-dibenzyl amine) also was inactive in vitro in a test system which had responded to all phenothiazines that were tried. 14 The thesis emerging here is that the shared characteristics of diverse substituted phenothiazines derive from qualities strongly dependent on the thiazine ring. In later discussion, these qualities will be identified with the electron-donor propensities of this group of drugs, an aspect of thiazine chemistry that has been emphasized recently by several authors. '6-'8 In the present experiments, metal cations capable of undergoing univalent reduction have served as the electron acceptor.'. 2 Of these, manganese, iron, and cobalt are recognized microconstituents of organisms; and redox transitions at least of iron between the tri-and divalent states are known to occur during metabolism."9 Manganese also is thought to become trivalent at some points in its physiological cycle;20 but in any case, the conditions of pH and oxygen tension required for the reaction of thiazine drugs with manganous ion are within the range of those encountered in the intracellular milieu.
These experiments do not prove that phenothiazines interact with metals in vivo. Nonetheless, the present demonstration of specific reactions with biological trace metals under conditions which might prevail in vivo is highly provocative.
The work of Yamamoto et al.,2' disclosing an inhibition by chlorpromazine of enzymes containing ferric iron but not of those containing cupric copper, further supports the interpretation that the chromogenic reactions with metal ions may model an essential step in the chemical pharmacology of thiazines.
The unification of thiazine activities about the properties attendant to a common structural nucleus also must be reconciled with the pharmacological differences known to exist among the various drug congeners. Similarities between phenothiazines are striking while their dissimilarities appear, by comparison, to be of lesser order: for example, unequal clinical potency on a weight basis or a difference in the relative -prominence of their properties in Vivo.4 6, 7 Nonetheless, the differences between the extremes of the phenothiazine spectrum are significant. It is evident that substances of similar chemical character could have markedly disparate effects in vivo should they be distributed differently within the organs and tissues of intact animals or even within individual cells thereof.7 8 Alteration of lipid-water partition coefficient would change the distribution of a drug at both the tissue and intracellular levels. Hansson and Schmiterlow demonstrated a great difference in tissue distribution between two phenothiazine drugs only one of whose side chains provided water solubility at physiological pH. There resulted a wide divergency in their biological fates and in their pharmacological actions. 22 Furthermore, since the molecular-charge of a thiazine molecule depends strongly on the extent of protonation of prosthetic groups, metal cation repulsion and water solubility should be sharply sensitive to pH, and this pH dependency should be a function of the basicity of the nitrogen atom of the nuclear radical group ("RI" in Fig. I-l ). This influence of pH was observed in the experiments reported here ( Fig. 1-3 ).
In addition to altered drug absorption and distribution in vivo, changes in the prosthetic groups could modify the distinctive chemical nature of the thiazine nucleus without changing its fundamental character. If a proclivity for electron donation is a critical phenothiazine property, as has been implied in this discussion, then ring substitutions that affect the basicity of the reactive [thioether] site should alter pharmacological activity quantitatively and might even account for the enhanced potency of many ring-halogenated derivatives. 6 23 Alternative effects of prosthetic groups are also possible. For example, steric hindrance has been reported with regard to the inhibition of amine oxidase by chlorpromazine analogues,23 and the characteristic properties of certain large prosthetic radicals have been superimposed on the traits of the phenothiazine group in other cases.4 24 Formulation of the Integrated Reaction Sequence for Bivalent Oxidation of Chlorpromazine.-From the series of reactions already defined,2 it Was concluded that a red semiquinone radical (Fr) could be formed from the reduced (native) chlorpromazine (R) by the donation of one electron.2 This can be represented by the half reaction R Fre + e9, (1) where appropriate metal ions or other oxidants can serve as electron acceptors. Clearly, from the conservation of charge implied by equation 1 the semiquinone of chlorpromazine must be a charged radical ion. However, reducing agents and reducing systems may inhibit or reverse semiquinone formation (Table II-1) , and the native drug may reform spontaneously from the free radical by dismutation (Figs. II-9, 10). Therefore the reaction given by equation 1 
is reversible.
A further oxidation to the colorless chlorpromazine sulfoxide (-S=-O) was revealed by oxidimetric titrations (Fig. II-2, 3, 4) and by stoichiometric considerations ( Fig. II-9 ). Ignoring residual charges, this step can be represented by Fr ==SO.
Attempts to reverse this reaction directly with reducing agents or by re-equilibration with added reduced chlorpromazine failed.2 Moreover, in oxidimetric titrations the addition of nearly two equivalents of electron acceptor produced a gradual downward drift of recorded potentials (Table I1 -2 and Fig. 11-4 have proposed a sequence of reactions to account for the tautomerization of a reversible oxidation product, probably a quininoid phenazothionium ion (III), to the sulfoxide (V) by means of a proton exchange involving a sulfonium base (IV) under weakly acid conditions. 27 The reductive chlorination of some sulfoxides of thiazine derivatives by refluxing with concentrated acid also was presumed to involve phenazothionium ions and sulfonium bases as intermediates.28 A similar tautomerization for chlorpromazine can be written as 
The internal electrostatic repulsion of the phenazothionium ion (III) might be expected to force the reaction almost completely in the forward direction, as indicated by equation (3.) However, equation (3b) suggests that with sufficient hydrogen ion concentration the reaction might be reversed. The observed reduction of phenothiazine sulfoxides with hydrofluoric acid28 or in association with chorination, as noted in the previous paragraph, confirms the possibility of reverting from the sulfoxide to lower oxidation states, at least under severe conditions. Subsequent reversal of equation (2) would give again the colored semiquinone radical ion. This hypothetical reaction sequence would explain the reported formation of identical chromophores from chlorpromazine and from its sulfoxide in the presence of both iron and concentrated acid. [29] [30] [31] In addition to the primary sequence of reactions for chlorpromazine, certain "complicating" reactions were observed, such as dimerization of reduced chlorpromazine (I) (Figs. II-5, 7) and dismutation of the semiquinone radical ion (II) (Figs. II-9, 10 ). Incorporating these reactions, the complete scheme of interactions relating to the oxidation of chlorpromazine and its congeners via univalent electron transfer steps can be summarized by the following:32 where R is dimethylpropylamine (Fig. 1-1) . Several resonance forms of the free radical ion (Fr'3) may be envisioned:
However, the consideration of electron spin resonance (ESR) data which follow seems to rule out important contributions from the resonance form Ila, while delocalization of the unpaired electron into the molecular Tr orbitals of the aromatic thiazine nucleus (IIc) would appear most likely. Electron resonance data.-The ESR data presented in Part II ( Fig. II-12 ) revealed the usual hyperfine splitting due to divalent manganese. 33 34 In the presence of oxidizing cations the free radical signals were recorded as single peaks without evidence of the fine structure that would be anticipated if the free electron were delocalized through the 7r-electron system of the phenothiazine nucleus,33-35 as represented by structure I1c. However, in those experiments paramagnetic ions were present in sufficient concentration (0.005 M) to cause line broadening of the free radical signal due to spin-spin interactions,334 thus "smearing out" any hyperfine resonance structure. The '-30 gauss width of the ESR signals from radicals in solution with metal ions (Figs. It-12 , a and b) is consistent with this, while in the amorphous solid ( Fig. II-12c ) comparable broadening occurred as a result of the random orientations of the anisotropic components of the hyperfine interactions.33 Accordingly, with the radical stabilized in strong acid in the absence of metals, a narrower ESR pattern with considerable fine structure was observed (Fig. II-13 ), 36 thus implying that the delocalized semiquinone electronic structure suggested by Ilc is most likely. The asymmetry of the resonance pattern in 11.5 N sulfuric acid -with loss of detail in the tracing with increasing magnetic field (Fig. II-13 )-may result from the high viscosity of the H2S04, which so slows the thermal tumbling of the semiquinone molecules that the anisotropic part of the hyperfine interactions is not quite averaged out during the time of resonance.
In Part II, no ESR signal was obtained from the colorless long-lived excited state of chlorpromazine initially produced by ultraviolet light and whose ultraviolet absorption was indistinguishable from that of the native drug.2 Although a weak spin signal was elicited from chlorpromazine discolored by prolonged irradiation,2 the undegraded ultraviolet product may be a triplet state of the drug, because the most stable excitation states of molecules usually are triplet,37 and ESR signals are not expected from triplet-excited molecules in solution.33' 34 38 Another experimental observation consistent with the ultraviolet product being triplet is its reac-tions with metal, forming characteristic chromopbores ;2 because triplet states react readily with paramagnetic ions. ' Radical.-The significance of the semiquinone form on the effects of phenothiazines on living systems remains moot. No direct correspondence between free radical formation and biological effect was established by the data of Parts I and II, but the structure-activity correlations may logically be extended to hypothesize that at least a part of the pharmacological actions of phenothiazine drugs may stem from their transformation to semiquinone radicals in vivo. Craig and his colleagues reached a similar conclusion after correlating potentiometric data with antihelminthic activity of phenothiazine derivatives: namely, that pharmacological efficacy required formation of a high proportion of stable semiquinone radical." These authors concluded that the semiquinone per se probably was not the active agent in their experiments because phenothiazine oxidation potentials were incompatible with metabolic processes,43 but this current work has shown oxidation of chlorpromazine congeners by ions of transition-group metals that exist in living material1 (Fig. II-3) . Further evidence to support the formation of free radicals during the biological action of chlorpromazine is provided by Yamamoto et al., as noted previously. They showed2' that the drug attacks the iron moiety only of those enzymes (cytochrome oxidase, catalase) where it exists in the trivalent state or must undergo redox reaction but not of enzymes containing divalent iron (homogenticase) or copper (ascorbic acid oxidase); and it is only the ferric iron that formed semiquinone from chlorpromazine in our hands' (Fig. II-3) .
Mechanisms whereby such a putative formation of semiquinone radicals in vivo might alter cellular metabolic processes also may be conjectured from the present data. The chlorpromazine radical ion is chemically labile and reacts readily with both [univalent] electron donors (Table II-1) and acceptors (e.g.,; Fig. II-3 ).
Hence, it could act in vivo to shunt the normal electron transport sequence of the respiratory chain of enzymes or to divert electrons into nonphosphorylating pathways, thus explaining some of the reported effects of chlorpromazine on respiring and phosphorylating biological test systems.7' 11 14, 23, 44 On the other hand, the impact of semiquinone formation upon cellular function could be exerted indirectly through the metal ions that might be involved. For example, the conversion of a phenothiazine drug to its semiquinone via oxidation in situ by a metal' (Fig. II-3) , or the further redox transformation of the radical by reducing (Table I-1) or oxidizing ( Fig. 11-3 ) metal cations, could alter the local availability of ions (e. g., Fe+++, or Co+++) that might be rate-limiting cofactors in some essential biochemical processes.
Metal-Phenothiazine Interactions as Models of Trace Metal Reactions that Occur in Vivo.-The value of the metal-thiazine reactions in providing added insight into the role of metal ions can be illustrated by several examples of peroxidase reactions:
In Part II, work of Cavanaugh4' was cited wherein peroxidase could produce from a chlorpromazine-H202 mixture a red chromophore that appeared identical with the semiquinone radical described in these communications.1' 2 Accordingly, it could be concluded from the chlorpromazine reaction alone that peroxidase can facilitate separate univalent electron transfer steps in the reduction of peroxides, producing free radical forms of the substrates. This conclusion is reasonable, because Yamazaki and Piette were able to show by ESR that the main pathway of the peroxidase reaction (and of ascorbic acid oxidase) involved the formation of free radicals from the substrates."
The metal-thiazine model also leads to a logical explanation of the following complex interactions that are of biochemical interest: Reduced pyridine nucleotides, epinephrine, thyroxine, phenolic estrogens, and ferricytochrome c are oxidizable by H202 and peroxidase; and when they are not the primary substrates themselves, thyroxine and estradiol can stimulate these reactions.47 Divalent manganese and molecular oxygen can replace peroxide in the oxidations involving peroxidase. [47] [48] [49] The mechanism of the manganese effect in these aerobic reactions has not been clear, but manganese activation of the enzyme has been suggested,0' 51 and Kenten and Mann proposed that divalent manganese was oxidized enzymatically as the result of its reduction of primary [phenolic] oxidation products formed by the enzyme from its substrates.52
In keeping with the preceding paragraph, the formation of free radicals of the substrates may be presumed." However, experience with manganese-phenothiazine reactions showed that substrate radicals can be produced by manganic ions that are formed not enzymatically but [transiently] by autoxidation.' In the same way, autoxidized manganese may serve as an electron acceptor in the peroxidase reactions. The role of the enzyme protein then might be mainly to potentiate the oxidation via ligand transfer of electrons55 involving a substrate-donor: enzyme: metal-acceptor complex. This speculative hypothesis is supported by Mazelis' recent work56 showing nonenzymatic production of an oxidant by pyridoxal phosphate, Mn++, and any of many amino acids at neutral pH. There is a close parallel with the manganese-thiazine model,' because no oxidation occurred under anaerobic conditions, no metal could replace Mn++ (except Co++ at 2% relative efficacy), and although the oxidant was not identified, it was probably univalent since it was detected by using I-as a reduc- tant.56 From this example, it is evident that redox transformations may underly a significant fraction of the roles filled by [trace] metal ions in vivo. In fact, it has been suggested that in at least certain instances the ability of physiological systems to distinguish sharply between different metals derives from their distinctive redox properties.20' 35 Appreciable selectivity may be achieved on this basis,35 as is illustrated by the high specificity of the manganous ion for the autoxidation reactions investigated in Part I of this work and for the similar oxidations reported by Mazelis.56 In addition to possible service as a model for reactions of metals and free radicals, phenothiazine semiquinone formation may be useful as a biochemical test to determine metal oxidation states or the presence of univalent oxidation potential in situ in chemical samples. Either the characteristic absorbancies (even visible color as a simple test) (Fig. II-1) or ESR signals of the semiquinone ions can be recorded.
The previous discussion of the red color produced by Cavanaugh45 serves as a good example of this application. In a similar fashion, the electrochemical potential of a system may be determinable by observing the formation or quenching of the chromophoric thiazine radicals, thus employing them as indicators57 of oxidation.
Summary.-Data concerning the chromophoric semiquinone radical ions produced from phenothiazine derivatives by certain metal ions and by other univalent oxidants were discussed, and hypotheses were advanced concerning their significance. The sequence of electron transfer interactions involved in the full oxidation of such thiazine congeners was formulated, taking note of several complicating reactions previously encountered.
It was proposed that the many common characteristics of all substituted phenothiazines derive from the reactive properties strongly dependent on the thioether sites of their thiazine rings. The demonstrated specific reactions with trace metals under mild conditions raised the further possibility that these properties may imply interaction with metals in vivo. In any case, the hypothesis demands that the chemical pharmacology of all thiazine derivatives be similar, regardless of the site of biological action. However, the localization of drug molecules, at both the gross and subeellular levels, should depend strongly on the prosthetic radicals, which thus provide each congener with its distinctive pharmacological character within the broader pattern of phenothiazine group behavior.
Possible modes of biological reactivity associated with the formation of the semiquinone radical were advanced: The chemical lability of the free radical might shunt normal electron transfer or phosphorylation pathways, or the availability of biologically essential trace metal ions might be altered at critical intracellular sites. The well-delineated metal-phenothiazine reaction system also was proposed as a useful model for the more general study of free radical-metal interactions that may often be related to the biochemistry of metal ions in the respiratory chain of biological electron transport or to their role as cofactors in enzymic reactions. It is also possible that formation of the highly colored phenothiazine semiquinone ions might serve as a test of [metal] oxidation states in chemistry or of the presence of other interacting free radical reactions.
10 For convenience, references to tables and figures of Part Ii and Part II2 of this series of papers will employ the abbreviations I and II, respectively; e.g., Fig. II-3 
